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Introduction
Interactions between metal cations and neutral molecules play key roles in a variety of contexts including gas storage in solid materials, ion solvation, laser plasmas, and atmospheric and astrophysical processes. One route for characterizing the interactions between metal cations (M 
S electronic transitions centered on the Mg
+ ion. [1] [2] [3] [4] [5] Recently, complexes such as Mg + -(H 2 O) n have also been probed through their infrared absorptions in the O-H stretch region. 6 In this paper, spectroscopic studies of charged complexes containing the magnesium cation are extended to include Mg + -H 2 and Mg + -D 2 , which are probed by using infrared (IR) photodissociation spectroscopy in the H-H and D-D stretch regions, respectively. The resulting spectra feature full rotational resolution giving access to vibrationally averaged intermolecular bond lengths, the H-H and D-D stretch vibrational frequencies, and estimates for the intermolecular stretch vibrational frequencies. The ensuing data should serve to test potential energy surfaces for the Mg + · · · H 2 interaction and complement recent spectroscopic and theoretical investigations of other metal cation-dihydrogen complexes including Li 
7-11
A more comprehensive understanding of the interaction between Mg + and H 2 is desirable for several reasons. Perhaps most important are insights into hydrogen storage materials containingmagnesium,includingmetalhydrides, 12,13 metal-organic frameworks, 14, 15 and metal cation-doped zeolites. 16, 17 Areán and co-workers have examined H 2 absorption in a magnesiumcontaining zeolite using variable-temperature FTIR spectroscopy. 16 By monitoring the intensity of the H-H stretch vibrational band associated with H 2 attached to the Mg 2+ sites (4056 cm -1 ), the standard enthalpy of H 2 adsorption was found to be -18.2 kJ/mol, considerably higher in magnitude than that for Li + and Na + sites in zeolites. The binding energy is, however, far lower than that for the interaction between Mg 2+ and H 2 in the gas phase for which calculations give values closer to -92 kJ/mol. 18, 19 Although the formal charge of Mg ions in the zeolites is 2+, charge transfer from the surrounding framework inevitably reduces the effective charge and magnitude of the adsorption enthalpy.
In the only previous spectroscopic investigation, the . 23 Later, more reliable CASSCF calculations by Bauschlicher confirmed the T-shaped structure but suggested a much shorter intermolecular bond of 2.72 Å, a dissociation energy of 525 cm -1 , and an H-H bond that is 0.006 Å longer than that of the free H 2 molecule. 24 Subsequently, Petrie and Dunbar reported rotational constants determined at the MP2(full)/6-31G* level that are compatible with an intermolecular bond length of 3.48 Å. Spectroscopic investigations described in this paper provide empirical values for the intermolecular separation and intermolecular stretch vibrational frequency allowing a critical assessment of the earlier calculations.
* Corresponding author. E-mail: evanjb@unimelb.edu.au. ). The Mg + photofragments were mass-selected by a second quadrupole mass filter and detected by using a microchannel plate coupled to a scintillator and a photomultiplier tube. The observed transition intensities were not normalized for laser power or parent ion flux (which exhibits shot-to-shot and longer term fluctuations). Spectral calibration was achieved by using previously described methods. 7 The absolute uncertainty of the line wavenumbers is decided by the uncertainty of the ion energy in the octopole ion guide and is estimated as (0.10 cm 
Experimental and Theoretical Approaches
Mg
+ ions (11% natural abundance) which are present in far higher abundance than the target complex. Slight transmission of 26 
+ ions through the second quadrupole mass filter leads to an appreciable background signal that degrades the -H 2 were carried out by using the MP2 method with the Dunning aug-cc-pVTZ basis set and employed the Gaussian 03 suite of programs. 25 The dissociation energy for Mg + -H 2 was calculated taking into account harmonic zero-point energies but ignoring basis set superposition error. The calculated H-H stretch vibrational frequency was scaled by the factor required to reconcile the calculated and experimental frequencies for the free H 2 molecule (0.921). A 1 ground electronic state can be labeled by using quantum numbers appropriate for a doublet, near-prolate, asymmetric rotor (J, N, K a , and K c ). For Hund's Case (b) coupling, the total angular momentum excluding nuclear spin (Ĵ) is related to the rotational angular momentum (N ) and the total electronic spin (Ŝ) by Ĵ ) N + Ŝ. The quantum numbers K a and K c describe the projections of the rotational angular momentum along the a and c axes in the prolate and oblate top limits, respectively. For the Mg + -H 2 complex, the a-axis corresponds to the intermolecular axis.
Each rotational N value is associated with J ) N -1 / 2 and J ) N + 1 / 2 sublevels that are separated due to coupling between the electronic spin and molecular rotation. The MP2/aug-ccpVTZ ab initio calculations for Mg + -H 2 suggest that the electronic spin-rotation splitting is small (predicted constants are aa ) -1.34 × 10 -3 cm
, and
) and indeed we are unable to resolve spin-rotation splitting in the Mg + -H 2 and Mg + -D 2 infrared spectra. Therefore, spin-rotation coupling is disregarded in the subsequent analysis and the energy levels are labeled only with the quantum numbers N, K a , and K c .
Because the transition moment associated with excitation of the H-H stretch lies along the a-axis, the infrared transitions of Mg + -H 2 are characteristic of a parallel A-type transition and follow ∆K a ) 0 and ∆K c ) (1 selection rules. For transitions originating from K a ) 0 and K a g 1 states, the total angular momentum selection rules are ∆J ) (1 and ∆J ) 0, (1, respectively. Selection rules for N are identical with those for J.
The infrared spectrum of Mg range is shown in Figure 2 . The spectrum exhibits well-resolved rovibrational features belonging to the K a ) 1-1 sub-band, associated with complexes containing the ortho form of H 2 (odd j levels). There is no trace of the K a ) 0-0 sub-band associated with complexes containing para H 2 (even j levels). A similar preponderance of complexes containing ortho H 2 has been observed for other neutral and charged complexes 9, 26, 27 and, in part, reflects the 1:3 para/ortho population ratio in normal hydrogen gas. Furthermore, a free H 2 molecule in the j ) 1 state has ∼120 cm -1 more rotational energy than a j ) 0 H 2 molecule; this rotational energy is partially quenched in the complex leading to a stabilization of Mg Altogether, 38 transitions were assigned to the K a ) 1-1 sub-band (22 P-branch and 16 R-branch lines), with asymmetry doublets resolved in the P and R branches. The Q-branch lines were overlapped and were excluded from the fit. Transition wavenumbers and assignments are provided as Supporting Information. The K a ) 1-1 transitions of Mg + -H 2 were fitted by using an A-reduced Watson Hamiltonian with adjustable parameters including the ground and excited state B, C, and ∆ J rotational constants. It is not possible to determine the ground and excited state A rotational constants through analysis of the parallel transition. Therefore for the fit, A′′ and A′ were constrained to 59.34 cm
, the rotational constant of free H 2 in the n HH ) 0 state. 28 Note that the fits are insensitive to the absolute values of A′′ and A′; virtually identical B, C, and ∆ J values are obtained for A′′ and A′ ranging from 50 to 70 cm Table 1 .
Because no K a ) 0-0 transitions were observed for Mg + -H 2 , the ν HH band center cannot be determined directly. However, it is estimated to lie between ∆b and 2∆b above the K a )1-1 sub-band center (4050.5 cm
). Here, ∆b ≈ 3 cm -1 is the difference in the H 2 rotational constant in the n HH ) 0 and 1 , the fact that the population ratio of even to odd j levels in D 2 is 2:1 rather than 1:3 in H 2 , and because the ligand switching reaction which favors the K a ) 1 complexes is less exothermic for D 2 than for H 2 . Altogether, 79 transitions were assigned to the K a ) 0-0 (14 P-branch and 14 R-branch lines), K a ) 1-1 (18 P-branch and 20 R-branch lines), and K a ) 2-2 (6 P-branch and 7 R-branch lines) subbands. Asymmetry doublets were resolved in the P and R branches of the K a ) 1-1 sub-band, but not the K a ) 2-2 sub-band.
As described above for Mg , the ground state rotational constant of the free D 2 molecule. 28 When two or more sub-bands were fitted together, A′′ was constrained to 29.907 cm -1 while A′ was allowed to vary. The fit of a parallel transition can only yield ∆A ) A′ -A′′ and is relatively insensitive to the absolute values of A′′ and A′. A reasonable fit was obtained for the K a ) 0-0 and 1-1 sub-bands together (rms ) 1.0 × 10 -2 cm -1
); however the fit deteriorated when the K a ) 2-2 transitions were also included (rms ) 4.2 × 10 -2 cm -1
), despite the latter sub-band giving a good fit by itself. The difficulty in fitting simultaneously the K a ) 0-0, 1-1, 2-2 transitions by using a limited number of adjustable parameters is presumably a consequence of the large-amplitude bending motion of the floppy complex. Resulting spectroscopic constants for Mg + -D 2 are listed in Table 1 . a For each value, the error in the last significant figure(s) is given in parentheses. 
is a T-shaped complex consisting of a Mg
+ ion attached to a slightly perturbed H 2 molecule by charge-quadrupole electrostatic and charge-induced-dipole induction interactions. Evidence for the weak nature of the intermolecular bond is that the H 2 vibrational frequency is reduced by only 2.6% and that the vibrationally averaged intermolecular bond length deduced from the B and C rotational constants (2.716 Å) is typical for complexes of this type. 18 Generally, the properties of Mg For a completely rigid T-shaped complex it is possible to deduce the A rotational constant and therefore the H-H separation from B and C as the inertial defect ∆ ) 1/C -1/B -1/A is zero. However, the large-amplitude zero-point bending motion in Mg + -H 2 leads to an exaggeration of the asymmetry spitting and a nonzero inertial defect rendering it impossible to deduce A. 26, 31 However, on the basis of the MP2/aug-cc-pVTZ calculations, the H-H bond is predicted to lengthen by 0.006 Å compared to the free H 2 molecule (0.737 Å).
Measured and calculated structural and vibrational properties of Mg + -H 2 are summarized in Table 2 . Generally, the measured properties are consistent with the MP2/aug-cc-pVTZ results and the earlier CASSCF calculations of Bauschlicher, with good agreement for the vibrational red-shift ∆ν HH , the harmonic intermolecular stretch frequency (ω s ), and the intermolecular separation. The Mg + -H 2 vibrationally averaged intermolecular separation R 0 )2.716 Å agrees very well with the R e ) 2.717 Å equilibrium separation determined from the MP2/aug-ccpVTZ calculations (see Figure 1) . To some extent, the agreement is probably fortuitous as one would expect the vibrationally averaged intermolecular separation to exceed slightly the equilibrium separation. In contrast, the MP2(full)/6-31G* level calculations described in ref 22 severely overestimate the intermolecular bond length (by 0.8 Å) and underestimate the intermolecular stretch frequency (by ∼120 cm -1 ). Apparently, the 6-31G* basis set is too small to provide an adequate structural description of Mg , respectively). However, the actual bending frequency is certainly somewhat lower considering that the barrier for internal rotation of the H 2 subunit is only 380 cm -1 (at the MP2/ aug-cc-pVTZ level). Ultimately, a more comprehensive understanding of the large-amplitude intermolecular vibrations of Mg + -H 2 must await rovibrational energy level calculations using a full three-dimensional potential energy surface. These calculations will also allow a more rigorous comparison between the measured and computed rotational constants for the Mg 
Conclusions
The main outcomes of this work can be summarized as follows:
(1) Rotationally resolved IR spectra are obtained for Mg Apparently, a complex containing a metal cation with a halffilled or filled valence s orbital has a larger ν HH red-shift than a complex containing an alkali metal cation with a comparable dissociation energy.
Ultimately, a more comprehensive understanding of the floppy Mg + -H 2 complex should be obtainable by calculating a full three-dimensional PES and using this to compute rovibrational energies that can be compared directly with spectroscopic transition energies. These calculations should also give reliable estimates for the dissociation energy and frequencies for the intermolecular vibrational modes. 
